Introduction
Since the introduction of the micro total analysis system (μ-TAS) concept in the early 1990s, 1 great achievements have been witnessed in this field. Several distinctive advantages over its large-scale counterparts, including low cost, high speed, 2, 3 low reagent/sample consumption, disposability 4, 5 and portability, 6 make it prevail in chemical and biomedical scopes. To date, several automated microfluidic apparatuses have been developed, and a variety of microfluidic instruments used for nucleic acid and protein electrophoresis analysis are now commercially available. However, these instruments are currently constrained from being popularized in common laboratories due to their high costs. When fluid transport on a microfluidic platform is automatically processed, fast and precise fluid operation can be anticipated; some bias existing in the manual mode can also be eliminated. Microchip electrophoresis, though, has been widely used for the rapid separation and quantification of a vast number of analytes. However, other crucial procedures, for example, chip handling and sampling, are still challenging.
The conventional approach always relies on manual operation, which is time consuming and labor intensive. Furthermore, the manual mode is substantially incompatible with the high efficiency of a microfluidic system. Therefore, highly efficient and automatic fluid manipulation is crucial on microfluidic chips.
Numerous dedications were made to achieve this goal. For instance, the integration of sample metering and multiple pretreatment functions on CE microchips, [7] [8] [9] [10] [11] [12] [13] [14] [15] or the use of robotic liquid-handling systems, 16 has been reported. Harrison's group presented a microchip CE system for continuous sample introduction, and also exploited different volume flow resistance of the sample introduction channel. 17 A similar strategy was adopted by Ausserer and coworkers. 18 Jelena 19 reported a new sample-introduction/analysis approach by utilizing a digital microfluidic device. Chen 20 designed a sample-introduction interface, which was carried out directly on the separation channel through a sharp inlet tip placed in the sample vial. Li 21 proposed a micropump-actuated negative pressure pinched injection method. Fang's group developed a high-throughput sample-introduction device for microfluidic systems based on a capillary sampling probe and a slotted-vial array. 22 Subsequently, they made extensive improvements on a slotted-vial array sample introduction device, and achieved the goal of sampling automation on a microfluidic platform. [23] [24] [25] [26] All of the studies described above, mainly focused on sample introduction. Yet, there have been distinct requirements to fulfill multiple functions, including chip cleaning and activation, since these procedures are prerequisites for chip electrophoresis.
Herein, we report on a simple and robust automated fluidtransport system for microfluidic chips, by which, all of the processes, including chip cleaning, channels activation, solution transport and waste liquid discharge, are automatically implemented. The performance of this developed device was examined by the analysis of fluorescein sodium through microchip electrophoresis with LED-induced fluorescence detection. Compared with manual work, the results showed that this automated fluid-transport device was more efficient for the overall microchip electrophoresis protocol.
Experimental

Reagents and chemicals
All reagents were of analytical grade. Fluorescein sodium was obtained from Sinopharm Chemical Reagent (Shanghai, China). Other reagents were purchased from Guangzhou Chemical Reagent (Guangzhou, China). Redistilled water was used throughout the experiments.
A serpentine glass microchip used in this work was fabricated using standard photolithography, wet etching and thermal bonding techniques. 27 The channels were 80 μm wide and 2011 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: chenzg@mail.sysu.edu.cn
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An automated fluid-transport device for a chip-based capillary electrophoresis system has been developed. The device mainly consists of six peristaltic micropumps, two vacuum micropumps, microvalves, multi-way joints, titanium tubes, and a macro-to-micro connector. Various solutions used for the cleaning and activation of chip channels, and electrophoresis separation, are allowed to automatically transport to chip reservoirs by the electric control module. The performance of the whole system was characterized by the analysis of fluorescein sodium using chip electrophoresis with LED-induced fluorescence detection. The peak-height variation (RSD) was 3.8% in six cycles of analyses. Additionally, compared with conventional manual operation, the developed device can spare 60% time for chip pretreatment. This microdevice offers high-efficiency pretreatment for microchips, thereby resulting in a remarkable improvement of analytical capacity for batch samples. 30 μm deep, and the effective length was 9 cm. An integrated microchip electrophoresis system with an LED-induced fluorescence detector was used as previously reported in our laboratory. 28 
Construction of the experimental setup
A schematic diagram of the automated fluid-transport device is shown in Fig. 1(A) . It consists of six peristaltic micropumps, two vacuum micropumps (Ruiyi, Model PS5008B, Chengdu, China), microvalves (Yuyao Sanhe Mechanical and Electrical Technology Co., Ltd., ZDX13-1L, Zhejiang, China), multi-way joints, titanium tubes (0.8 mm i.d., 1.0 mm o.d.) and a macro-to-micro connector. Peristaltic micropumps are used to transport various kinds of fluids, such as acid solution, water, alkali solution, running buffer and samples, which are loaded in the corresponding solution vials. Two of the peristaltic micropumps are directly connected to the sample reservoir (S) and the buffer waste reservoir (BW); the others are first linked to the microvalves, and then connected to the buffer reservoir (B) and the sample waste reservoir (SW) through multi-way joints. It should be noted that between the multi-way joints and reservoirs located the macro-to-micro connector. Vacuum micropumps are used for withdrawing the residual and waste solutions from the reservoirs in the chip. Titanium tubes used in the device not only serve as the electric contact for high voltage, but also as the channels to convey fluids. Additionally, a polytetrafluoroethylene tube (PTFE, 0.8 mm i.d., 1.3 mm o.d.) provides fluids connection in this device. Figure 1 (B) schematically depicts the connector. The connector is composed of a relief cover plate, a recess base plate, titanium tubes and O-rings (made of silicon rubber). The connector is fabricated from pieces of plexiglas (7 mm thick), which are bonded with trichloromethane. A rectangle port (33 × 25 mm, L × W) made in the cover plate (Figs. 1(B)a, b) , offers to pass through the excitation light from the LED and the emitted fluorescence.
A 0.5-mm-thick electrode plate is adhesively bonded to the bottom of the base plate, which is convenient to accommodate the microchip (64 mm × 32 mm, L × W). As can be seen from Fig. 1(B) a, four holes drilled in the cover plate, facilitate holding titanium tubes, which are fastened by O-rings ( Fig. 1(B)c) . Besides, the O-rings also provide a compressed fluid-tight seal against the upper surface of the chip, thus establishing macro-to-micro connections. The cover plate is mounted to the base plate via four screws.
As shown in Fig. 2 , the circuit for the electric control module includes two parts: one is the functional transformer and rectification circuit, providing an output of DC 12 V, which is responsible for supplying power to the peristaltic micropumps and vacuum micropumps. The other is a regulation circuit that provides the desired output current. By adjusting this output current, the rotational speeds of the peristaltic micropumps can thus be controlled, and well-manipulated liquid transport within a certain range will consequently be achieved. The flow-volume transported to the chip is generally at the μL min -1 level. The vacuum micropumps for the drain outlet from the chip reservoirs are regulated by this circuit in an analogue way.
Analytical procedures
The operation of fluid transport is detailed as follows. The liquid flowing paths are illustrated in Fig. 1(A) . Nitric acid (0.1 mol L -1 ) for chip cleaning was first transported to B and SW, then through the channel intersection into S by a peristaltic micropump. Subsequently, the vacuum pump that connects to the BW was turned on. The nitric acid solution was then driven from B, S and SW to BW by negative pressure. After continuous cleaning of the chip for 10 min, the residual acid liquor was removed out from the reservoirs by the vacuum micropump. The following steps were carried out to activate and equilibrate the microchip, by flushing the chip channels in order with redistilled water for 2 min, sodium hydroxide (0.1 mol L -1 ) for 5 min, redistilled water for 2 min, and running buffer for 5 min. The liquid loading and removing procedure was identically executed as mentioned above.
When all of the preconditions were completed, the sample reservoir was aspirated to be empty. Then, the sample solution was transported to the sample reservoir by a peristaltic micropump. As for sample alteration, the sampling tip (PTFE tube) was taken out from the sample vial, rinsed using the follow-up sample solution, and inserted into the given sample vial. The residual solution in the previous cycle was completely expelled by a vacuum micropump. A new round of chip pretreatment and sample introduction was carried out in the same fashion.
Once the fluid-transport was completed, the electrophoresis protocol was ready to be performed. A sampling voltage (0.5 kV) was applied between S and SW for 10 s. Separation was carried out by switching the high voltage. After a cycle of analysis, the chip channels were subsequently retreated according the procedures described above.
Results and Discussion
Flow rate
The peristaltic micropump in this microfluidic system is composed of three discrete rotors. The rotors are driven by a motor to produce fluid flow in a given direction, and at a certain flow rate. Initially, the peristaltic micropump was actuated by a conventional motor; however, rapid overflowing of fluids into the channels and reservoirs was visualized. The minimum flow rate was still at the mL min -1 level, which was extremely incompatible with the micronetwork of the chip. Therefore, a series of gear motors with different rotational speeds were adopted and investigated. As shown in Fig. 3(A) , with an electric current rise from 1.87 to 10.61 mA, the volumetric flow rate generated by the peristaltic micropump increased accordingly, no matter what kind of gear motor was used. Fig. 3(B) .
When the peristaltic micropump was coupled with a gear motor of 5 rpm min -1 , the flow rate could be readily controlled in the range of 11.9 to 75.0 μL min -1 , which was suitable for automated fluid transport to the microchip. After a precise study, a flow rate of 70.0 μL min -1 was practically used.
Utilization of titanium tube
The titanium tubes used in this work are an essential interface, which bridge a gap between the macro-fluids and the microchip. Here, they connect to the peristaltic micropump or vacuum micropumps via PTFE tubes, facilitating liquids introduction and waste drainage on one hand, and serve as electric contact with a high-voltage power supply on the other.
Effects of the sample transport time
We have studied the effects of different sample transport times (Fig. 3(B) ). When the delivery time was less than 10 s, no electrophoretic peak of fluorescein sodium was observed, which could probably be explained that insufficient sample solution was transported to the S, resulting in unsuccessful sampling. However, sample transport for over 20 s caused a shifted baseline and a distorted peak, which was attributed to sample leakage towards the separation channel. Therefore, a sample transport time of 15 s was utilized in following experiments.
The repeatability of electrophoresis analysis was examined by the consecutive injection and separation of fluorescein sodium (Fig. 3(C) ). The relative standard deviations (RSD) for the peak-height and the migration time were 2.1 and 1.7% (n = 5), respectively.
Comparison with manual work
For a comparison, the electropherograms of fluorescein sodium obtained by this automated fluid-transport microfluidic system and by manual operation mode are shown in Fig. 3(D) . The plate numbers of fluorescein sodium were 5670 and 4745 m -1 , respectively. Furthermore, the consumption times for chip pretreatment by these two modes are listed in Table 1 . Comparatively, nearly 60% time consumption was spared using this proposed device.
Conclusions
We have developed an automated fluid-transport device for a microfluidic system and evaluated its performance. This novel device integrates the capabilities of chip-cleaning, channels-activation, sample introduction, electrophoresis separation and detection. What is more, the miniature size and the ability to transport solutions automatically make it highly compatible with the microchip system. This analytical device provides an opportunity for fully automated fluid transport for microfluidic electrophoresis. 
